The aim of the present paper is to state differences in the spatial distribution of valency electrons for free metal atoms and for molten metals. The element lithium was chosen since both its inner and outer electrons play an important role, so that when a precise X-ray and a precise neutron-diffraction experiment have been carried out a difference, if it exists at all. should be recognizable. The correction of the X-ray data for inelastic, i.e. Compton scattering was done on the basis of an inelastic measurement performed on a spectrometer equipped with a position sensitive detector.
Introduction
For the investigation of the atomic structure of molten metals and amorphous solids thermal neutron diffraction and X-ray diffraction methods are used. Both methods yield comparable results concerning the quality of the diffraction patterns. Thus during the investigation of binary systems results obtained with both methods are combined in order to determine partial structure factors. This combination only works on the assumption that both methods yield the same result if applied to a molten element.
Since X-rays are scattered by electrons, the determination of the atomic arrangement within a melt by an X-ray diffraction experiment necessitates the knowledge of the spatial distribution of the electrons around the nucleus ("form factor").
With nearly all atoms this distribution is so strongly determined by the inner electrons that the electron distribution within the melt can be described with sufficient accuracy by that of the free atom. With light elements such as lithium the outer electrons also play an important role for the spatial distribution of all the electrons. Thus, during the evaluation of an X-ray diffraction experiment per- formed with molten lithium using the electron distribution of a free atom, certain differences in comparison with the results of a corresponding neutron diffraction experiment should be expected.
To verify this, a neutron and an X-ray diffraction experiment were performed with molten lithium. Since for light elements the intensity of the inelastically scattered X-rays (Compton scattering) is comparable to that of the elastically scattered radiation. the former had to be measured separately in order to correct properly the total measured X-ray intensity.
Theoretical basis
The atomic structure of a monoatomic melt is described by the pair correlation function g(r) which represents the mean number of atoms per unit volume at the distance r from a reference atom. For large i\ o(r) approaches o 0 , which is the mean number density of the melt. The corresponding variable in reciprocal space is the structure factor da S(q). The coherent scattering cross-section dß coh for neutrons which are scattered coherently from a molten element is directly proportional to S (q): In contrast to the neutrons the X-rays are scattered from the electron core of the atoms. Therefore the scattering law also contains information concerning the electron distribution. The coherently scattered intensity of X-rays h obtained with a system of identical atoms can be obtained in electron units according to
The form factor J\q) means the Fourier transformation of the electron distribution around the atomic nucleus. To obtain (2) the so called rigid bond approach has to be used, i.e. one assumes that all electrons can be attributed to the nucleus in a definite way and are rigidly bonded. For practical use one proceeds one step further and applies for the evaluation of (2) the form factor of the free atom as calculated by the Hartree-Fock method [1] .
Thus the assumption is made that the electron distribution around the nucleus within the melt is the same as that within the gas. For metallic melts these assumptions are only valid for the inner electrons. The conduction or valency electrons are delocalized and therefore must be treated separately. Egelstaff et al. [2] have derived for this case the equation
Equation (3) has the same structure as the scattering law of a binary alloy with the partial structure factors Sjj, S iv , and S vv . The components in the present case are the ions i and the free or valency electrons v of the molten element, /j (q) means the form factor of the inner electrons, n the number of free electrons per atom. S u (q) = S (q) describes the correlations between the ions, S vv the correlations between the valency electrons, and S iv the cross correlation between ions and free electrons.
Egelstaff et al. [2] propose to determine the three partial structure factors Sjj, S iv , and 5 VV by a combination of three diffraction experiments. A neutron diffraction experiment yields directly Sjj. An X-ray diffraction experiment and an electron diffraction experiment for which a scattering law corresponding to (3) is valid should yield 5 iv and S vv . As was shown recently [3] such a "three beam experiment" cannot be performed since electron diffraction experiments are inconvenient for combination with the two other radiations.
A further point is that with all metals except lithium and beryllium the number of valency electrons and therefore their contribution to the scattering is small compared to that of the inner electrons. Furthermore the valency electrons are not completely delocalized but more or less concentrated around the metal ions. For these reasons this delocalizing had never so far been observed in diffraction experiments. In the literature there are studies and speculations concerning the question about the shape of S vv (g), for example in alkali metals [4. 5, 6] .
In the present work we have tried to find out whether there are any differences to be shown up experimentally between a neutron experiment and an X-ray experiment which latter should be evaluated using the form factor of a free atom according to (2) . As a specimen the molten element lithium was chosen, since only for beryllium the ratio between the number of valency electrons and [7] ; ---according to [8] , b) Free lithium atom; according to [7] , the number of inner electrons is larger. Lithium, however, can be handled in molten state much better than beryllium. Using Fig. 1 the effect to be expected can be estimated. It shows the form factor of the valency electrons of crystalline lithium as calculated according to the rigid bond approach by Visser et al. [7] and Perrin et al. [8] in comparison to the form factor of the 2s-wave function of the free lithium atom. To estimate the order of magnitude of the deviation in the scattering experiment it must be taken into consideration that the form factor of the inner electrons must be added to that of the outer electrons.
Experiments

Neutron diffraction with molten lithium
For the neutron diffraction experiment we used lithium containing 99.05%
7 Li and 0.95% 6 Li. The metal was filled under high purity argon into a cylindrical container and sealed by electron beam welding. The can was made from 0.1 mm vanadium foil and had an external diameter of 11.4 mm. The neutron diffraction experiments were carried out at 470. 575. and 725 K on the instrument D4 at the Institut Laue-Langevin, using the same counting strategy and almost the same experimental set-up as described by Ruppersberg and Reiter [9] . Only the vacuum furnace was replaced by a helium-filled oven which is more suitable at lower temperature.
Using a wavelength of 0.695 A, the scattered intensity was measured in 20 steps of about 0.2° for 20=1.35° to 90° (q = 0.21 -12.8 A -1 ). / s (<?)
given in Table 1 is the number of neutrons collected per step which were scattered from the melt, including coherent, incoherent, and multiple diffraction. I x (q) is the corresponding number for the experimental run of the sample in the furnace.
The data reduction was performed as explicitly described by Ruppersberg and Reiter [9] , The data were normalized so as to yield the correct S(0) values (Table 1) and to make q(S (q) -1) modulate at large q uniformly about zero. The incoherent cross section oj was assumed to be an adjustable parameter. The observed values are given together with values from the literature in Table 1 . The observed differences are small. Table 2 shows the values of ± Aq(S(q) -1) corresponding to the possible deviations of q{S(q)-1) due to the normalization procedure. At the first peak of S{q) the uncertainty related to the normalization procedure is much larger than the effect of counting statistics. Table 2 . These values which correspond in all three cases to a long wavelength error were added at q> 1.7 A -1 to the original q (5 (q) -1) to give the corrected curves, for which the position q and the amplitude of the maxima and minima are also collected in Table 2 . The spurious oscillations remaining in the recalculated /"(£>(/') ~ 0o) curves are almost invisible and also the termination errors are very small. Short wavelength errors in </(5(</)-l) cannot be detected by this method because the deviations in /--space are only visible for small /-values. However, we see no experimental reasons for strongly localized errors. The maximum values of A'q(S(q) -1) in Table 2 correspond to a 1 to 2% deviation of the intensity I t (q) which might, for example, be due to some misalignment of the sample with respect to the goniometer axis. Tables  of S( o(r) and S(q) of liquid lithium have been calculated by Jacucci et al. [11] using molecular dynamics and using a pair potential elaborated by Rasolt and Taylor [12] and Dagens et al. [13] , In Table 3 calculated (q(i')/qq -1) and (S (q) -1) values are compared with our experimental data and the agreement is seen to be excellent. Hafner [14] performed an ab initio calculation of 5(g) and of various thermodynamic properties for several liquid metals including Li starting from a hard sphere system with hard sphere diameters obtained from optimized pseudo potentials and using a variational thermodynamic perturbation scheme. The agreement with experiment (Table 3) is remarkably good but less good than in the case of computer simulation. 
X-ray diffraction with molten lithium
The X-ray diffraction experiment was performed using a 12 kW rotating anode generator using molybdenum radiation. The characteristic Mo-Kaline was selected by a graphite-monochromator and focussed onto the detector slit. According to Fig. 4 the experiment was done using focussing transmission geometry. The specimen consisted of a lithium layer 1 mm thick between two Be-single crystal windows, each of them 0.3 mm thick. The container was built up using a sandwich construction whereby the Be-single crystals were adjusted in such a way that no Be-reflexes could reach the counter. The furnace allowed scattering angles 2 0 up to 70° using the 0 -20 mode. Two measurements were performed, one with the specimen inside the container (5-10 4 pulses per point) and one with the empty container (2 • 10 4 pulses per point).
The temperature during the measurement was 12 + 2° above the melting point of lithium. In spite of very careful adjustment and mounting of the beryllium single crystals during heating small Bragg reflexions were observed which were eliminated graphically. Figure 5 shows the rough data obtained from the X-ray diffraction experiment.
The corrections for container scattering, absorption within the specimen and the Be-windovvs. and polarization were performed according to the usual methods. Normalizing was done according to Krogh-Moe [15. 16] . Considerable difficulties arose during the correction for inelastic scattering. Since there is no possibility of experimentally eliminating this radiation within the total c/-region (see [17] ) the correction normally must be done according to data from literature. During this procedure one uses data which are calculated from Hartree-Fock wave functions for the free atom similarly to the form factor. This method works without problems for most elements since the inelastic scattering only forms a small contribution to the total scattering. With light elements however, there is a totally different situation since the ratio between elastic and inelastic scattering is porportional to the atomic number. Elastic scattered X-ray intensity according to Ref. [1] ; ---Inelastic scattered X-ray intensity according to Ref. [1] . Figure 6 shows for the free Li-atom the squared form factor compared to the inelastic scattering. As is known from experiments performed with crystalline beryllium [18] especially in the region q < 2A'f there exist pronounced deviations of the inelastic intensity between that of the free atom and that of the condensed phase. Since for Li there exist no measured data the inelastic scattering had to be measured separately.
Experimental determination of the inelastically scattered X-ray intensity
The simplest case of an inelastic X-ray scattering process is the elastic impact of an X-ray quantum to a free electron at rest. The X-ray quantum thereby 
Since the electrons in reality are not at rest but have a certain velocity distribution, according to this simple concept a broad line around the mean wavelength shift A'/,o can be expected in the inelastic X-ray spectrum. According to (4) at small scattering angles A/. 0 varies proportional to 0. With finite resolution of the spectrometer the inelastic line can therefore not be separated from the elastic line at small scattering angles.
The main problem with the measurement of the inelastic scattering of X-rays is due to the very small intensity. In the past, nearly all of the measurements were therefore performed without a primary beam monochromator. During these experiments only the scattered radiation was analyzed within a crystal spectrometer working in step scan mode. Scattered radiation arising from the Bremsstrahlung thereby forms a background which disturbs the measurements (compare [8] ).
Using a position sensitive detector during the present work a novel spectrometer was constructed and installed. This instrument makes it possible to record the total energy spectrum at once. Thus the measuring time can be reduced drastically and a primary beam monochromator can be applied. Figure 7 shows the principle of the spectrometer. The beam produced within the rotating anode X-ray generator (1) is monochromatized by the monochromator (2) and is analyzed according to the energy by a curved analyzing crystal (4) after being scattered at the specimen (3). Using this method, radiation of different energy enters the position sensitive detector (5) at different positions. To avoid air-absorption and air-scattering the total beam geometry is kept in vacuum or in helium.
The spectrometer is mounted on a turnable plate with the specimen mounted in the centre. The scattering angle can be varied in the region 0° ^ 20 ^ 150°. Table 4 contains the characteristic data of the spectrometer. A similar instrument, however using photographic film instead of a position sensitive detector (PSD) was used by du Mond [19] . A spectrometer using a PSD as de-1 -Rotating anode X-ray generator, 2 -Monochromator, 3 -Specimen. 4 -Analyzer, 5 -Position sensitive detector.
foil and yields no inelastic scattering so that the investigation of the empty container was not necessary. The measurement was performed using solid lithium since the nickel foil and molten lithium showed chemical reactions and since no difference in the inelastic scattering between the solid and the liquid phase was to be expected. The corrections for absorption and polarization were performed by analogy with the procedure used for the X-ray diffraction experiment. A difficulty arose from the high wavelength dependence of the transmission of the nickel foil. Using an EXAFS apparatus (see Ref. [22] ) the transmission was determined and used during the correction procedure. [20] and by Pattison et al. [21] ,
In contrast to the X-ray elastic diffraction experiment the determination of the inelastic X-ray scattering was performed using Cu-Ka radiation, since the energy resolution of a crystal with a given mosaic spread increases with increasing wavelength. The presumption for this procedure is the fact that the scattering intensity only depends on the momentum transfer q = (4n//.) sin 0 and not on the quantum energy of the primary beam. This presumption is fulfilled for lithium caused by the small binding energy of the electrons. The specimen for the inelasic experiment consisted of a lithium platelet 1 mm thick with a welded container. The windows were Ni-foil 6 pm thick. Nickel was used since it shows a minimum absorption for Cu-Ka radiation and furthermore can be obtained as thin To obtain the integral inelastic scattered intensity the integration must be performed via the corresponding wavelength region. Already in the region 35° < 26 < 60° an overlap of the residuals of the a 2 -line and the inelastic intensity is observed.
In this region the a r intensities measured at large angles are fitted to the corresponding line. Hereafter the experimental curve is integrated and the integral intensity of the y.\ and a 2 lines of the fitted reference curve is subtracted. In the region 2 6 <35° the procedure is in principle the same. However the fitting process is not so precise since only the left flange of the y.\ line can be used which causes the main error.
For the normalization of the experimental values a curve calculated for the free atom was used, since for c/>3Ä -1 no deviation from this curve was to be expected. Figure 9 shows the result of the measurement of X-rays inelastically scattered with solid lithium using a measuring time of 4 h per point. The full line shows the values calculated for the lithium atoms according to [1] , Distinct deviations are observed for q < 2k ( = 2.3 A -'. This result is consistent with the measurements performed with beryllium in [18] . The dashed line in Fig. 9 shows the curve which was finally used for the correction of the X-ray diffraction experiment.
Results and Discussion
The dotted line in Fig. 10 shows the structure factor of molten lithium calculated from the X-ray diffraction data using the form factor of the free atom. The correction of the experimental values for inelastic scattering was done using the data from Figure 9 . For comparison the structure factor from the neutron diffraction experiment is also plotted. At q > 2 A -1 the deviations between the two curves are smaller than 5%. For q < 1 A" 1 , where the height of the structure factor is very small and where the inelastic part only could be assumed, the differences are smaller than 10%. Within these two regions the differences are not larger than the experimental error.
Attention should be drawn, however, to the region 1 < q < 2 A -1 where a rather large difference between the two curves is observed, which may be caused by the following factors:
i) A hidden systematic error, especially during the measurement of the inelastic intensity, which only could be recognized by an independent repetition of the measurement.
ii) The difference which was determined for solid lithium arises from a variation of the inelastic scattering on melting. However, a control measurement performed with molten lithium for q < 2 A -1 excludes this possibility.
iii) The neutron curve is too low. In fact, according to Table 2 the correction for the spurious oscillations in (()(/") -Go) decreased the original S (1.85) by 0.05 which is about the distance between the X-ray and the neutron curve in Figure 10 . There might in principle be some higher frequency terms reducing this correction in the c/-range between 1.7 and 2 A" 1 . However, this leaves unexplained the deviation at q < 1.7 A -1 where the original neutron data 7 S (q) vary a little with q as shown in Figure 10 .
iv) The difference between the neutron and the X-ray curve corresponds to a form factor for molten lithium showing a pronounced maximum at q = 1.5 A -1 . Such a maximum seems very improbable since it would correspond to an electron density distribution which would not decrease monotonically from the centre.
Thus, within the region 1 <q < 2 A -1 discrepancies exist which are not fully understood. However, within the main part of the cy-region no discrepancy between the X-ray and the neutron-diffraction experiment is observed. In particular there are no experimental hints on electron correlations independent of the nuclei as was assumed, for example. by Dobson [6] .
